The major role of ventricular myocardium is to contract regularly in response to electrical excitation in order to pump oxygenated blood out of ventricle. Two key elements are directly involved in the normal cycle of contractile activity in ventricular myocytes. One is intracellular Ca 2＋ -cycling and the other is ATP synthesis by mitochondria. Upon release from sarcoplasmic reticulum (SR), Ca 2＋ binds to troponin C to move the tropomyosin away exposing the myosin-binding site of actin filament. If ATP and Ca 2＋ are high enough near the contractile apparatus, the cross bridge cycle continues and muscle would contract. In the end of contraction, majority of Ca 2＋ is pumped back into the Ca 2＋ store by SR Ca 2＋ pump then muscle relaxes.
INTRODUCTION
The major role of ventricular myocardium is to contract regularly in response to electrical excitation in order to pump oxygenated blood out of ventricle. Two key elements are directly involved in the normal cycle of contractile activity in ventricular myocytes. One is intracellular Ca 2＋ -cycling and the other is ATP synthesis by mitochondria. Upon release from sarcoplasmic reticulum (SR), Ca 2＋ binds to troponin C to move the tropomyosin away exposing the myosin-binding site of actin filament. If ATP and Ca 2＋ are high enough near the contractile apparatus, the cross bridge cycle continues and muscle would contract. In the end of contraction, majority of Ca 2＋ is pumped back into the Ca 2＋ store by SR Ca 2＋ pump then muscle relaxes.
Therefore, disruption of either Ca
2＋
-cycling or ATP synthesis can disturb normal cycle of ventricular contraction. ATP synthesis by mitochondria can directly or indirectly affect the Ca 2＋ -cycling by regulating the ATP-driven SR Ca 2＋ pump [1, 2] and sarcolemmal Na ＋ /K ＋ pump [1] .
Metabolic inhibitors are supposed to suppress the normal cycle of contraction via this mechanism. There has been evidence that Ca
-cycling affects the ATP synthesis in mitochondria. Increased mitochondrial Ca 2＋ influx across the inner mitochondrial membrane has been known to stimulate F0F1-ATPase activity [3, 4] . Increase in mitochondrial [Ca 2＋ ] ([Ca   2＋ ]m) has also been known to stimulate tricarboxylic acid (TCA) cycle dehydrogenases [5, 6] . The resultant increase in NADH could affect the ATP synthesis of mitochondria. This is supposed to be the control mechanism that matches energy demand for bigger contraction induced by higher cytosolic (or intracellular) [Ca 2＋ ] ( [Ca 2＋ ]i) [7] . There is a controversial issue on the possibility that [Ca 2＋ ]m changes in a beat-to-beat manner. Beat-to-beat mitochondrial Ca 2＋ transients have been identified on adult rabbit cardiac myocytes [8] and on rat cardiac myocytes [9] . In contrast, beat-to-beat change in [Ca 2＋ ]m was not identified on cat ventricular myocytes [10] . Further complicating thing is that the ATP depletion can affect action potential (AP) waveform by stimulating ATP sensitive K ＋ channel.
Reduced action potential duration (APD) by activation of ATP sensitive K ＋ channel can reduce the energy demand during contraction. All above observations demonstrate how complex the interaction among Ca
-cycling, ATP production, and electrical excitation could be. If all those elements are properly modeled, an integrated mathematical model could be developed and utilized to investigate those complex interactions.
Recently, cardiac models integrating electrophysiology, Ca 2＋ cycling, and energy metabolism have emerged based on experimental results from guinea pig ventricular myocytes [11, 12] . Although they were able to couple mitochondrial energetics to excitation-contraction coupling, the description of mitochondrial ion transport is limited and the modeling of pHm and pHi is lacking which is a key element in ischaemia-related pathophysiology. We present an advanced model which incorporates an expanded set of mitochondrial ion transport including Na
, and H ＋ based on mitochondrial physiology [13] . Our model is also based on the experimental results on rat ventricular myocytes. The waveform of AP from rat ventricular myocytes is relatively short and 'triangular', whereas those from guinea pig and rabbit show longer and 'spike and a dome'-like configuration. The different waveform of AP can be a factor determining contribution of Ca 2＋ influx across the plasma membrane to the Ca 2＋ -cycling. The effect of metabolic inhibition on the waveform of AP could be different between them. Although there is a model reproducing the electrophysiology and Ca 2＋ cycling of rat ventricular myocytes, it lacks mitochondrial energetics and ion transport [14] . In order to develop and assess our model, we carried out a series of experiment investigating the relation between mitochondrial and cytosolic Ca 2＋ transients under various rates of stimulation. The developed model was able to reproduce main features of rat ventricular myocytes related with stimulus frequency and metabolic inhibition.
METHODS

Cell isolation and Ca 2＋ measurement
All experimental procedures were reviewed and approved by the Institutional Review Board (IRB) of Animal, Inje University College of Medicine, and the procedure was carried out in accordance with the guidelines of the IRB on the ethical use of animals. The methods of isolation of single rat ventricular myocytes and measurement of mitochondrial Ca 2＋ signal are the same as described by Kang et al [15] . In order to measure [Ca 2＋ ]i, Fura-2 fluorescence ratio was taken. The isolated myocytes were incubated in normal Tyrode with 0.5 mM Ca 2＋ and the cell-permeant acetoxymethyl ester of Fura-2 (5μM) for 10 min at room temperature (24 o C). Cells were then perfused with normal Tyrode and excited alternatively at 340 and 380 nm by ultraviolet (UV) light in a DeltaRam fluorescence measurement system (Photon Technologies International). The emission signal at 510 nm was collected at a rate of 100 Hz and the ratio during excitation at 340 and 380 nm was used to record changes in [Ca 2＋ ]i. All the background fluorescence was subtracted from the recorded signals before calculation of the ratio. Ca 2＋ transients were induced by field stimulation. Pulses for field stimulation were generated by an external pulse generator (S-95, Medical Systems Corp) and stimulus isolator (A385, WPI) and were given to cells in a superfusion chamber via two built-in platinum electrodes. The stimuli were 30∼50 V in amplitude and 2∼5 ms in duration. Temperatures during recording were between 22 and 25 o C.
Electrophysiology
Recording of AP was carried out using an Axon interface and Axopatch 1C amplifier (Axon Instruments, Union, CA). All experimental parameters, such as pulse generation and data acquisition, were controlled using our own software (PatchPro). In order to generate APs, square electrical pulses of 1∼2 nA and 5 ms duration were applied to the ventricular myocytes through the patch pipette. Patch pipettes were pulled from thin-walled borosilicate capillaries (Clark Electromedical Instruments, Pangbourne, UK) using a PP-83 vertical puller (Narishige, Tokyo, Japan). The voltage and current signals were filtered at 1.0∼5.0 kHz, 4-pole Bessel-type low-pass filter and were sampled at a rate of 1∼3 kHz. Electrode resistance before sealing was 3∼4 MΩ with K ＋ -rich recording solution, and it was around 5 GΩ after sealing. The liquid-junction potentials between normal Tyrode and pipette solution, which were calculated based on ionic mobilities, were ＜5 mV.
Temperatures were 22∼25 o C during recording.
Solutions and drugs
Normal Tyrode solution was used for the perfusion of myocytes. It contained (in mM): 143 NaCl, 5.4 KCl, 0.5 MgCl2, 1.8 CaCl2, 5.5 glucose, and 5 HEPES (N-[2-hydroxyethyl]piperazine-N-[2-ethanesulfonic acid]) (pH 7.4). The perforated patch pipette solution contained (in mM): 115 K-aspartate, 22 KCl, 8 NaCl, 1 MgCl2, 0.1 EGTA (ethyleneglycol-bis (β-aminoethyl ether)-N,N,N',N'-tetraacetic acid), and 10 HEPES (pH 7.2 with KOH). Nystatin was dissolved in dimethyl sulfoxide (60 mg/ml) and added to the pipette solution to make a final concentration of 200μg/ml. Unless otherwise noted, all chemicals were purchased from SigmaAldrich (St. Louis, MO, USA).
M athematical model General approach
This model aims to reproduce ion currents, membrane potential, ion concentrations and energy metabolites in each of the subcellular compartments and contractile force during excitation-contraction cycle of single rat ventricular myocyte. The extramitochondrial part generally follows the same approach as described by Matsuoka et al [11] while the mitochondrial part follows the approach by Cortassa et al [12] . As the two models are based on the data of guinea pig ventricular myocytes, lots of modifications were made to fit those of rat ventricular myocytes by exploiting the electrophysiological data from rat. The numerical integration was carried out by a fourth-order Runge-Kutta method in most cases. For the two-state or three-state gating model, the alternative method was used to prevent large errors accumulated during repetitive calculation as previously described by Youm et al [16] . 
M yocyte ultrastructure
The value of cell capacitance was chosen to be 140 pF which is averaged value from 143 adult (2∼4 months old) rat ventricular myocytes [17] . The accessible cell volume was estimated from the geometry [18] and ultrastructural analysis [19] of adult rat ventricular myocytes. A representative myocyte was 116μm in length, 23μm in width, and 14μm in depth. The cell shape was assumed to be a rectangular parallelepiped. The estimation gives the total myocardial cell volume to be 37.3 pL. The accessible volume was then calculated to be 13.4 pL based on the assumption that 36% of total myocardial cell volume is accessible to ions [19] . The volume of mitochondrial matrix was calculated to be 6.35 pL applying the ratio (0.17) of mitochondrial matrix to total myocardial cell volume [19] . The volumes of release and uptake site of SR were also calculated based on the ratio of each of them to total myocardial cell volume (Table 1) .
Part I. Extramitochondrial space
Most of modeling in extramitochondrial space is based on the Kyoto Model developed by Matsuoka et al [11] . Main components specific to rat ventricular myocytes are described in following section. Complete list and corresponding equations including parameters are presented in part I of Appendix (Eqs. 1∼227).
The transient outward K ＋ current (Ito) is responsible for the initial fast repolarization phase of AP. Our formulation of Ito is based on the experimental finding that it is composed of two distinct populations (fast and slow component) of channel with kinetically different recovery from inactivation [20] . The voltage dependence of steady-state activation and inactivation was formulated based on the experimental data by Nie and Meng [21] . The voltage dependence of steady-state inactivation in slow component of Ito was supposed to be the same with that of fast component. The voltage dependence of activation time constants was formulated based on the experimental data obtained between −30 and ＋60 mV [22] . The voltage dependence of time constants of inactivation and recovery from inactivation in fast component of Ito was determined from experimental data of rat ventricular myocytes [23] .
The slow component of inactivation in Ito is revealed on its recovery from inactivation during repolarization after depolarizing voltage steps. Time constants of slow component from the experimental data of Shimoni et al [20] were utilized to formulate its voltage dependence.
The relative contribution of fast and slow component to total Ito and its amplitude were determined from the experimental data by Volk et al [24] .
Steady-state outward K
＋ current (Iss)
The steady-state outward K ＋ current (Iss) has been known to take part in the slower phase of AP repolarization back to the resting membrane potential in adult rat ventricular myocytes [22] . The formulation of Iss is the same as used by Pandit et al [14] .
Delayed rectifier K ＋ current, rapid component (IKr)
The formulation of IKr is the same as that in Kyoto Model by Matsuoka et al [11] . The maximum conductance was adjusted to reproduce the same current density (0.36 pAㆍpF ) from rat ventricular myocytes with the same voltage-clamp protocol [25] .
Inward rectifier K ＋ current (IK1)
The inward rectifier K ＋ current (IK1) contributes most to the formation of resting membrane potential and takes part in the later phase of AP repolarization. Conductance of IK1 decreases with depolarization while it increases with repolarization. The formulation of IK1 generally follows the approach by Pandit et al [14] . The conductance was modified to be proportional to [K ＋ ]e following the experimental data describing the dependence of single channel conductance on [K ＋ ]e [26] . The conductance was also adjusted to reproduce the same current density as that of experimental data from rat ventricular myocytes [27] .
ATP-sensitive K ＋ current (IKATP)
The formulation for IKATP was adapted from the work of Nichols and Lederer [28] where rat ventricular myocytes were used to incorporate the ATP sensitive K ＋ channel into AP model.
The formulation of INa is almost same as used by Luo and Rudy [29] . The maximum conductance was adjusted to reproduce the same current density from rat ventricular myocytes [30] .
L-type Ca 2＋ current (ICaL)
The formulation of ICaL is mostly based on the work by Pandit et al [14] with following adjustments. The voltage-dependence of steady-state activation and inactivation was formulated on the basis of experimental data from Katsube et al [17] . The maximum conductance was adjusted -calmodulin complex-mediated inhibition were adopted from Sun et al [33] .
Non-selective cation channel (IbNSC)
Non-selective cation channels are characterized to be non-selective to cations such as Na . It potentially contributes to slight depolarization of myocytes against the equilibrium potential of K ＋ (EK). The formulation of non-selective cation channel is based on the model of rat heart [34] which incorporated the selective permeability of channels to various cations. The maximum conductance was adjusted to reproduce the appropriate AP shape of rat ventricular myocytes.
Background Ca 2＋ leak current (ICab)
Ca 2＋ leak or background Ca 2＋ channel has been reported in adult rat ventricular myocytes [35, 36] . This channel showed a significant permeability to divalent cations but not to monovalent cations such as K ＋ and Na ＋ ions [35] .
This channel was suggested to play a role in the Ca 2＋ overload induced by metabolic inhibition or free radical exposure [36] and is the candidate channel which partly contributes to the cardiac muscle activation during postrest recovery [37] . The current density was adjusted to reproduce the experimental observation of postrest recovery from rat ventricular myocytes by Bers [37] .
Ca
2＋ dynamics
The uptake of cytosolic Ca 2＋ into SR by SR Ca 2＋ pump and release of Ca 2＋ by ryanodine receptor are based on the Kyoto Model by Matsuoka et al [11] . The buffering of Ca 2＋ by calmodulin, troponin C, and calsequestrin are also based on the model. The L-type Ca 2＋ channel-dependent activation of ryanodine receptor was adjusted to fit the amplitude of Ca 2＋ transients in rat ventricular myocytes [38] (Table 2) . 
Cell contraction
The contraction model developed by Negroni and Lascano [41] reproduces the sarcomere cross-bridge dynamics in relation with calcium kinetics. Almost all equations and parameters were adopted from the model integrating the consumption of ATP and other energy intermediates by cell contraction with synthesis of ATP by mitochondria (Eqs. 195∼227) ( Table 3) .
Energy intermediates linking the mitochondria and cell contraction
The mitochondrial energetics and the cell contraction are linked by various energy intermediates such as ATP, ADP, creatine, and creatine phosphates. Creatine kinase provides the cell with energy buffer by catalyzing the transfer of phophates from creatine phophate to ADP to generate ATP. Modeling of this reaction was adopted from the model by Cortassa et al [12] , which was then integrated into the cell contraction.
Ionic linkage between mitochondria and cytosol
Flux of ions and energy intermediates including Na
, ATP, and ADP from mitochondria was integrated to the calculation of cytosolic concentrations of them by considering the ratio of volume (Vmito/Vi) ( Table 4 , 5).
Part II. Mitochondria
The modeling in mitochondrial space integrates TCA cycle, oxidative phosphorylation, ATP/ADP exchange, mitochondrial electrophysiology, and handling of ions including Na ＋ , K ＋ , Ca 2＋ , and H ＋ (pH). Coupling of extramitochondrial space and mitochondria is accomplished by modeling the transport of ions between mitochondria and extramitochondrial space. Main components of modeling in mitochondria are briefly described in this section and the detailed equations governing all the components are presented in the part II of Appendix (Eqs. 228∼362).
Physical dimension
Physical dimension of mitochondria was estimated from the ultrastructural analysis [19] of adult rat ventricular myocytes and the volume of mitochondrial matrix was presented in Table 1 . The capacitance of inner membrane (mMㆍmV −1 ) was adopted from Cortassa et al [12] and was converted into the unit of pF, when the mitochondrial volume and current amplitude rather than flux are utilized to calculate ionic concentrations (Table 1 ).
The TCA cycle
TCA cycle provides electron transport chain with NADH and FADH2 by oxidizing the AcCoA into CO2. TCA cycle is regulated by Ca 2＋ which can increase the activity of dehydrogenases such as citrate synthase (CS), isocitrate dehydrogenase (IDH), α-ketoglutarate dehydrogenase (KGDH), and malate dehydrogenase (MDH). The model of TCA cycle is mostly based on that of Cortassa et al [12] . Concentration of acetyl CoA (AcCoA) feeding the TCA cycle is set to a variable in order to see the effect of substrate supply to the TCA cycle. Detailed equations and initial values are presented in Appendix (Eqs. 228∼300) and Table 5 , respectively.
Oxidative phosphorylation
Electron transport chain or respiratory chain on the mitochondrial inner membrane begins the oxidative phosphorylation with the input of NADH and FADH2 from TCA cycle. Complex I∼IV oxidize them and provide the inner membrane with the electrochemical gradient by pumping the proton (H ＋ ) out of mitochondrial matrix. Complex V (F1F0-ATPase) utilizes the electrochemical gradient for pro- ton to phosphorylate matrix ADP into ATP. The adenine nucleotide translocator exchanges the matrix ATP with extramitochondrial ADP. The model of oxidative phosphorylation is mostly based on that of Magnus and Keizer [42] . Most of detailed parameters were adopted from the model of Cortassa et al [12] . Different from that of Cortassa et al [12] , the proton gradient across the inner membrane (Δ pH) is regarded as a variable rather than a constant to calculate the proton motive force (ΔμH). Equations governing oxidative phosphorylation and initial values are presented in the section of oxidative phosphorylation reaction rates of Appendix (Eqs. 301∼333) and Table 5 . the inner membrane of mitochondria was calculated by dividing the flux by intrinsic buffering power assuming it is similar to the value of extramitochondrial space. Calculation of intrinsic buffering power is based on the method developed by Niederer and Smith [40] . All the detailed equations are presented in Appendix (Eqs. 334∼362).
Ionic homeostasis in mitochondria
RESULTS
Reconstructed APs
The integrated computer model of rat ventricular myocytes was examined whether it could reproduce the waveform of experimentally generated APs. Single rat ventricular myocyte was whole-cell clamped in a perforated patch configuration and was stimulated in a current clamp mode. The amplitude and duration of single stimulus current were 1∼2 nA and 5 ms, respectively. Smaller or shorter stimulus often failed to elicit the APs. Stimulus was applied at least 200 sec for the cell to reach steady-state condition.
The representative recording of elicited AP is shown in Fig.  1A . The plateau is hardly noticeable and the APD is relatively short compared with those of guinea-pig ventricular myocytes [46] . The resting membrane potential (−76.3 mV) was slightly positive to the calculated Nernst equilibrium potential of K ＋ at 24 o C (EK= −83.0 mV). The model-generated AP is demonstrated in Fig. 1B . The stimulus current was 1.5 nA in amplitude and 5 ms in duration. The waveform is similar to that of experimentally generated AP. The APD and resting membrane potential of model are also comparable to those of experimentally generated APs although the resting membrane potential of experimentally-generated AP is a little more depolarized (−76 versus −80.2 mV).
Stimulus frequency and cytosolic Ca 2＋ transients
The rate of stimulation has been known to increase the twitch amplitude of mammalian heart [47] . In case of rat ventricular myocytes, the relationship is controversial. A negative staircase has been reported within the range between 0 and 1 Hz in rat ventricular myocardium or myocytes, where increasing the rate of stimulation up to 1 Hz (Table 1) . reduced the amplitude of twitch and Ca 2＋ transients [47] [48] [49] . Above the rate of 1 Hz stimulation, the rat ventricular myocardium or myocytes showed the positive staircase as well. Frampton et al [50] , however, demonstrated the positive staircase along the whole range of stimulation rate between 0.1 and 2 Hz in rat ventricular myocytes. It was supposed that the positive staircase is mediated by increased Ca 2＋ influx through L-type Ca 2＋ channel with increasing frequency of AP while negative staircase is related to the frequency-dependent decrease in restitution of SR Ca 2＋ [50] . Therefore, examining the stimulus frequency-dependent change in [Ca 2＋ ]i would be appropriate to assess increase. Fig. 2A shows the recording of Fura-2 fluorescence demonstrating the effect of changing stimulation rate on [Ca 2＋ ]i. Increasing stimulation rate elevated both the diastolic and systolic Ca 2＋ along the whole range of our stimulation protocol (0.2∼3 Hz) implying that the contribution by L-type Ca 2＋ currents dominates the relationship between stimulus frequency and amplitude of Ca 2＋ transients of rat ventricular myocytes at least in our experimental condition. Model simulation was able to reproduce this relationship in agreement with our experimental results (Fig. 2B) .
Borzak et al [49] found that the verapamil, an L-type Ca 2＋ channel blocker, makes the twitch amplitude smaller with increasing rate of stimulation in the whole range between 0.2 and 6 Hz suggesting that the L-type Ca 2＋ channel contributes to the mechanism of positive staircase. Since the verapamil makes the signal of Fura-2 fluorescence almost undetectable, we tested the hypothesis on model simulation. (Fig.  3B) . In order to test whether changing the AP waveform itself can affect the frequency-dependent change in the amplitude of Ca 2＋ transients, the effect of raising channel density of Ito was simulated. 10-fold increase in Ito resulted in shortening of AP and revealed the negative staircase (Fig.  3C ) whereas 5-fold increase still showed the positive staircase (data not shown). The APD90 with 10-fold increase in Ito, however, was less than 10 ms, which is extremely short for rat ventricular myocytes. The APD90 with reduced density of ICaL was about 36 ms, which is in similar range to that of epicardial ventricular myocytes (for details see Fig.  1 of Clark et al [51] ).
Stimulus frequency and mitochondrial Ca 2＋ transients
The ratio of mitochondrial matrix to total myocardial cell volume is estimated to be 0.17 and the accessible volume of cytosolic compartment is estimated to be 0.36 of total myocardial cell volume [18] . Therefore, the ratio of mitochondrial matrix to accessible volume could be estimated as 0.47. If there are channels or transporters for ions on the mitochondrial membrane with rapid kinetics, beat-tobeat change in [Ca 2＋ ]i is supposed to induce beat-to-beat change in [Ca 2＋ ]m. Ca 2＋ uniporter (mCU) has been suggested to transport cytosolic Ca 2＋ into mitochondria utilizing the large electrochemical gradient for Ca 2＋ across the inner mitochondrial membrane [52, 53] . A rapid mode of Ca 2＋ uptake (RaM) [54] and mitochondrial ryanodine receptors [55] are also suggested to transport Ca 2＋ into mitochondrial matrix. The mitochondrial Na In order to exclude the possibility that the Rhod-2 intensity represents the cytosolic Ca 2＋ rather than mitochondrial Ca
2＋
, a specific blocker of mitochondrial Ca 2＋ uniporter (ruthenium red) was applied to the myocyte during 0.2 Hz stimulation. Since ruthenium red exerts its inhibitory effect after it crosses the plasma membrane, cells were preincubated with it for 5 min before recording.
As shown in Fig. 5A , continuous perfusion of ruthenium red (10μM) gradually reduced both diastolic and systolic level of Rhod-2 intensity. The difference between the two levels was also inhibited as high as 60% during 5 min recording. Ruthenium red, however, failed to reduce the Fura-2 fluorescence ratio during 5 min of recording implying that it does not affect Ca 2＋ movement across the plasma membrane (Fig. 5B) . If the Rhod-2 intensity represents the cytosolic Ca 2＋ , Rhod-2 intensity and Fura-2 fluorescence should be affected in the same manner by ruthenium red. The selective inhibition of Rhod-2 intensity over Fura-2 fluorescence ratio by ruthenium red indicates the Rhod-2 intensity represents the mitochondrial Ca 2＋ rather than cyto- influx into mitochondria across the mitochondrial inner membrane is blocked, it will probably affect the Ca 2＋ balance in cytosolic space as well. We examined the possibility utilizing the model simulation as shown in Fig. 6 .
The removal of Ca 2＋ uniporter activity increased the amplitude of cytosolic Ca 2＋ transients as little as 0.5%. This small degree of change may be practically undetectable in the experiment considering that the signal to noise ratio in the experiment is no more than 10 in amplitude. Slow time course of inhibition by ruthenium red makes it further difficult to see the change clearly in a limited duration of recording.
The effect of mitochondrial protonophore on [Ca 2＋ ]i and energetics
Rat ventricular myocytes exposed to metabolic blockers show decline in twitch amplitude and eventually develops a 'rigor' contracture which is mediated by depletion of ATP content [28] . Mitochondrial protonophores can act as a metabolic blocker because the increase in H ＋ permeability across the inner mitochondrial membrane by protonophores can disrupt mitochondrial membrane potential which is important in maintaining ATP synthesis [57] . It is then supposed that the protonophores can affect SR Ca 2＋ content by reducing the activity of ATP-driven SR Ca 2＋ pump. The depletion of ATP content can also affect the Na ＋ balance by limiting the activity of Na
]i can shift the balance of Na ＋ /Ca 2＋ exchanger toward its reverse mode, which can increase the diastolic level of [Ca 2＋ ]i. Fig. 7 demonstrates the effect of FCCP, a protonophore, on the cytosolic Ca 2＋ transients. FCCP gradually abolished the Ca 2＋ transients and induced an irreversible rise of diastolic Ca 2＋ . We examined whether the model simulation is able to reproduce those effects of FCCP by applying 10 6 -fold increase in the H ＋ permeability on inner mitochondrial membrane. As shown in Fig. 8A , the model simulation was able to reproduce the similar response as those of experiment. The model simulation also shows the predicted accompanying change in ATP content by 10 6 -fold increase in the H ＋ permeability (Fig. 8B) . It can be explained that the protonophore disrupts the SR Ca 2＋ dynamics by reducing ATP content.
DISCUSSION
Present study aimed to develop an integrated model of rat ventricular myocytes which could reproduce electrical excitability, intracellular Ca 2＋ -dynamics, muscle contraction, ATP production and consumption, and mitochondrial ion movement. The model was able to reproduce the stimulus frequency-dependent change in cytosolic and mitochondrial Ca 2＋ transients. It was also able to reproduce the effects of metabolic inhibition on Ca 2＋ transients and contractility. Mitochondrial ion movement and its effect on cytosolic ion concentration were also addressed. Since this model can simulate pHi and pHm and its interaction with other components, the ischaemia-related cellular events are expected to be elucidated by utilizing it.
Stimulation frequency and cytosolic Ca 2＋ transients
Stimulation frequency has been known to alter the force of contraction in cardiac muscle [47] , by which the heart could meet the demand of work required. The force-frequency relationship could be manifested as either positive or negative depending on the species and experimental circumstances. In our experiment, the force-frequency relationship was positive in accordance with results from Frampton et al [50] . However, there are several studies that present the negative force-frequency relationship especially in rat ventricular myocytes [47, 49, 58] . Frampton et al [50] proposed that the negative force-frequency relationship is the result of Ca 2＋ loading caused by damage during preparation of tissue or isolated myocytes. This idea is based on the results by Capogrossi et al [48] , where cells with Ca 2＋ overload had a negative force-frequency relationship.
Our study suggests that the density of ICaL determines the force-frequency relationship (Fig. 3) . The balance between transsarcolemmal Ca 2＋ influx through L-type Ca 2＋ channel and efflux through Ca 2＋ removing mechanism during AP seems to determine whether a myocyte shows the positive or negative force-frequency relationship. If the net Ca 2＋ movement is influx during AP, increasing stimulation rate probably accumulates diastolic Ca 2＋ , whereby increases Ca 2＋ uptake and release from SR. Increasing the rate of stimulation, however, reduces the time period for restitution of SR opposing the effects of Ca 2＋ accumulation during AP. Role of SR in force-frequency relationship has been investigated by using ryanodine which inhibits restitution of SR [49, 59] . The net result of raising stimulation rate will be dependent on the net amount of Ca 2＋ influx during AP. If the net Ca 2＋ movement is efflux or very small influx during AP, increasing stimulation rate is supposed to further reduce the diastolic and systolic Ca 2＋ because opposing effect to SR Ca 2＋ release by reduced restitution of SR prevails over the net influx of Ca 2＋ during AP. Most important component determining the net Ca 2＋ influx during AP should be L-type Ca 2＋ channel since it predominantly opens during AP rather than resting period. Since the change in Ca 2＋ removing mechanism equally affects the Ca 2＋ movement during AP and resting period, it may not affect force-frequency relationship. Our simulation results confirmed this idea (data not shown). Change in background Ca 2＋ leak current (ICab) is also supposed to affect the AP and resting period in a similar way as change in Ca 2＋ removing mechanism. Supporting this idea, it did not affect the positive force-frequency relationship in the simulation (data not shown). The contribution of L-type Ca 2＋ channel to the positive force-frequency relationship has been suggested because the use of verapamil, a specific blocker of L-type Ca 2＋ channel, converted the positive force-frequency relationship into the negative one in rat ventricular myocytes [49] . Although reproducing the same relation with Ca 2＋ transients rather than contractile force is almost impossible to get because of extremely small signal after application of blocker, simulation results could be an alternative to explain the role of L-type Ca 2＋ channel in positive staircase (Fig. 3) . Role of repolarizing K ＋ channel (Ito) in positive staircase was also addressed by model simulation (Fig. 3C) . Increasing the K ＋ channel conductance is supposed to shift the balance between transsarcolemmal Ca 2＋ influx and SR restitution towards the latter because Ca 2＋ influx would be terminated earlier with reduced APD. Negative staircase, however, was revealed under nonphysiological level of APD (＜10 ms) implying that variation in Ito among species cannot explain the conflicting force-frequency relationship. Contradictory results among experiments in rat ventricular myocytes may arise from different level of ICaL depending on the experimental circumstances or individual variation among animals or myocytes. The relation between stimulation frequency and force or [Ca 2＋ ]i was also investigated by Shim et al [60] utilizing a new multi-scale simulation model. They proposed that [Ca 2＋ ]i has a positive relation with pacing frequency whereas left ventricular (LV) pressure has a negative one. They explained that the negative relation in LV pressure arises from the decreased LV volume due to diminished filling time with higher pacing frequency. In case of force, their model showed a positive relation up to a frequency of 2.5 Hz and then it was abruptly reversed. Their results are basically similar to ours, however, the increase in [Ca 2＋ ]i looks smaller with higher pacing frequency ( Fig. 9 in Shim et al [60] ).
Beat-to-beat change in [Ca 2＋ ]m
There has been a controversial issue whether the [Ca 2＋ ]m changes in a beat-to-beat manner following cytosolic Ca ]i as well as [Ca 2＋ ]m. However, the response to inhibitor of Ca 2＋ uniporter clearly indicates that Rhod-2 intensity indeed arose from the mitochondria (Fig. 5) . Similar results have been reported in rabbit cardiac myocytes [8] , rat heart trabeculae [7] , and guinea pig cardiac myocytes [61] . In order to resolve technical limitations related with selective localization of dyes into mitochondria, Robert et al [62] used targeted aequorins and ratiometric-pericams which are genetically encoded Ca 2＋ probes. Those probes are designed to selectively localize to the mitochondrial matrix and they found that [Ca 2＋ ]m indeed oscillates rapidly and in synchrony with [Ca 2＋ ]i. In the study of Griffiths et al [63] , [Ca 2＋ ]m in rat ventricular myocytes were 59 nM at 0.25 Hz stimulation and 517 nM at 3 Hz stimulation, respectively when the cells are exposed to 50 nM norepinephrine. In rat heart trabeculae [7] ]m might have been overestimated because of lysosomal/endosomal accumulation of ester-loaded fluorophores [8] . It could even obscure the beat-to-beat change in [Ca 2＋ ]m, which might be a major reason that some groups failed to get the beat-to-beat mitochondrial Ca 2＋ transients. Measurement by three-dimensionally resolved confocal microscopy has clearly advantage over microfluorometry in that respect [8] ]m would simply increase the energy production, which is not plausible considering the reduced work demand of heart. In that respect, [Ca 2＋ ]m needs to be in synchrony with [Ca 2＋ ]i enabling beat-to-beat match of energy demand.
Contribution of mitochondria to the [Ca 2＋ ]i
The present study suggests that mitochondria have little contribution to the [Ca 2＋ ]i under normal cyclic contraction based on the finding that the blocker of Ca 2＋ uniporter on the inner membrane of mitochondria does not significantly affect the [Ca 2＋ ]i (Fig. 5) . Simulation study also supports the experimental finding since removal of Ca 2＋ uniporter activity increased the amplitude of Ca 2＋ transients as little as 0.5% (Fig. 6 ). There have been studies which tried to calculate the contribution of mitochondria and SR Ca 2＋ pump to Ca 2＋ cycling, where it was estimated to be only 1∼2% in rabbit, rat, and ferret ventricular myocytes [64] [65] [66] [67] . The contribution of mitochondria alone to Ca 2＋ cycling should be even lower. These findings still cannot exclude the possibility that Ca 2＋ overload in cytosol is buffered by mitochondria. Contribution of mitochondria to Ca 2＋ cycling under saturating caffeine was estimated to be as high as 26% [68] . A possible explanation for these findings and idea is that the amount of Ca 2＋ ]i change. Our experimental results (Fig. 5 ) are in accordance with the simulation results under the control permeability of Ca 2＋ uniporter (Fig. 6) .
Disruption of mitochondrial function and [Ca 2＋ ]i
The FCCP is well known to uncouple the oxidative phosphorylation by transporting H ＋ through the inner membrane of mitochondria [69] . It also depolarizes △Ψm by dissipating H ＋ gradient across the inner membrane of mitochondria, which could affect ionic homeostasis in mitochondria [70] . Major consequences of uncoupling oxidative phosphorylation result from block or inhibition of ATP synthesis [71] [72] [73] . Our study demonstrates that disruption of mitochondrial function using FCCP elevates diastolic [Ca 2＋ ]i and abolishes Ca 2＋ transients. The depletion of ATP by FCCP is considered to affect all the energy-dependent intracellular processes and carrier proteins such as plasmalemmal Ca 2＋ pump, SR Ca 2＋ -ATPase (SR Ca 2＋ pump), ATP-sensitive potassium channel, phospholamban, and ryanodine receptors [74] . Inhibition of Ca 2＋ pump on the plasmalemma and SR is supposed to increase diastolic [Ca 2＋ ]i and decrease SR content and subsequent SR Ca 2＋ release, which is in agreement with our results. There is evidence that energy from glycolysis is preferentially utilized by membrane-bound transporters and ion channels, whereas energy from oxidative phosphorylation is preferentially utilized by contractile proteins [75] [76] [77] [78] . The energy from oxidative phosphorylation, however, accounts for more than 95% of total ATP synthesis in non-ischaemic mammalian heart [79] . Approximately 65% of ATP hydrolysis is utilized by contractile proteins, and the remaining 35% is used to operate ion pumps including SR Ca 2＋ pump [80, 81] . Therefore, inhibition of oxidative phosphorylation alone may be enough to inhibit all the compartmental energy utilization. Indeed, incubation of cells with 1μM FCCP for 20 min reduced the [ATP]i to submilimolar level (unpublished results from our laboratory). Depolarization of △Ψm itself can affect the ion movement across the inner membrane of mitochondria. Saotome et al [70] found that FCCP decreased [Ca 2＋ ]m in a dose-dependent manner. They also suggested that dissipation of △Ψm opens the mitochondrial permeability transition pore (mPTP). In our simulation study, the [Ca 2＋ ]m showed a transient increase after FCCP, but eventually decreased below its control level in agreement with experimental findings. Although time course of [Ca 2＋ ]i with FCCP in simulation (Fig. 8A) is in similar scale with that in animal experiment (Fig. 7) , depletion of [ATP]i (Fig. 8B) was too rapid compared with that obtained from rat heart using 31 P NMR technique where hearts were perfused through Langendorff apparatus [82] . Perfusion of whole heart with drugs might take much longer to take effect compared with perfusion of isolated myocytes in a small chamber. The concentration of FCCP (100 nM) was also lower than that we used in animal experiment (1μM). A possible source of error from model simulation is the inappropriate modeling of ANT. As we set the maximal rate of ANT to lower value in simulation, the depletion rate of [ATP]i was significantly attenuated. Measurement of [ATP]i depletion by FCCP using isolated myocytes seems to resolve this issue.
Concluding remarks
We developed an integrated model of rat ventricular myocytes which could reproduce positive or negative staircase phenomenon, beat-to-beat change in [Ca 2＋ ]m, and effects of metabolic inhibition on Ca 2＋ -dynamics. Previously, there were two important rat myocyte models. One is the rat myocyte models developed by Pandit et al [14] and the other is one developed by Crampin et al [83] . The model by Pandit et al integrated ion channels and Ca 2＋ dynamics but lacks mitochondrial energy metabolism. The model of Crampin et al added cytoplasmic pH regulation to the model of Pandit et al. The rat myocyte model which integrated mitochondrial energy metabolism and ion transport across mitochondrial inner membrane into the preexisting rat myocyte model has not been tried in our scope of research. Our model has also advantages over previous cardiac models in that it incorporates complete ion cycling including Na ＋ , K ＋ , Ca
2＋
, and H ＋ in mitochondria and cytosol.
Complete modeling of ions, especially pH, is a key feature to reproduce ischaemia-related change in cardiac function.
Modeling of ischaemia-reperfusion injury and ischaemic preconditioning is the future directive of our study. 
APPENDIX
Steady-state outward K ＋ current (Iss)
Inward rectifier K ＋ current (IK1)
ATP-sensitive K ＋ current (IKATP) 
Non-selective cation channel (IbNSC)
Background Ca 2＋ leak current (ICab) 
